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base speeds. The MTPA control is limited by the maximum available voltage of
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vector control (DFVC) strategy. Performance of the DFVC technique is analysed
in unsaturated and saturated magnetic conditions. Robustness of the technique
against parameter variation is evaluated by a series of loading tests. Performance
of the DFVC is then evaluated by comparing it with the rotor oriented current
vector control. Simulations are performed from experimental data of 7.5 kW IPM
drive.
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Symbols and abbreviations
Symbols
Boldface letters represent matrices and vectors. Reference values are marked by the
subscript ref.
dq Synchronous or rotating coordinates
fs Sampling frequency
fτ Flux-torque coordinates
Go Observer gain matrix
ich Characteristic current
imax Maximum allowed motor current
is Stator current real space vector in synchronous coordinates
is Magnitude of stator current real space vector
ifτs Stator current real space vector in fτ coordinates
id d-axis component of the stator current
iq q-axis component of the stator current
iτ τ -axis component of the stator current
if f -axis component of the stator current
iMTPV MTPV limitation current
iτ,ref Reference τ component of stator current
J Orthogonal rotation matrix
J Total moment of inertia for a system
kt Torque factor
kp,f , kp,τ Proportional gains of PI controller
ki,f , ki,τ Integral gains of PI controller
Ls Stator inductance
Ls Inductance matrix
Ld Direct-axis inductance
vii
Lq Quadrature-axis inductance
p number of pole pair
Rs Stator resistance
t Time variable
Te Electromagnetic torque
Te,ref Reference torque-output of speed controller
TL Load torque
Tmax Maximum motor torque
Ts Sampling period
udc DC link voltage
ud d-axis component of the stator voltage
uq q-axis component of the stator voltage
uf f -axis component of the stator voltage
uτ τ -axis component of the stator voltage
ufτs Stator voltage real space vector in fτ coordinates
us,max Maximum terminal voltage
us Stator voltage real space vector in synchronous coordinates
us Magnitude of stator voltage real space vector
us,ref Reference voltage-output of the current controller
α Voltage margin constant
αβ Stationary or stator coordinates
β Current angle
δ Load angle
δˆ Estimated Load angle
δmax Maximum load angle
k δ dependent parameter
b δ and ψs dependent parameter
ϑm Electrical angle
ψd d-axis component of the stator flux
viii
ψpm Permanent-magnet flux
ψpm Permanent-magnet flux vector
ψq q-axis component of the stator flux
ψs Stator flux real space vector in synchronous coordinates
ψs Magnitude of stator flux real space vector
ψˆs Magnitude of estimated stator flux real space vector
ψs,ref Reference stator flux
ψfτs Stator flux real space vector in fτ coordinates
ωm Electrical angular speed
ωm,ref Reference electrical angular speed
ωo Observer crossover frequency
Abbreviations
1-D One-dimensional
2-D Two-dimensional
2DOF Two-degrees-of-freedom
AC Alternating current
DC Direct current
DFVC Direct flux vector control
DTC Direct torque control
FW Field weakening
IPM Interior permanent-magnet synchronous motor
LUT Look up table
MTPA Maximum torque per ampere
MTPV Maximum torque per volt
PM Permanent magnet
PI Proportional integral
PMSM Permanent-magnet synchronous motor
SyRM Synchronous reluctance motor
1 Introduction
1.1 Background
Clean, reliable and efficient energy generation with minimum harm to the environ-
ment has proven to be quite a substantial challenge. Atmospheric pollution arising
from gas emissions by conventional fossil fuel based traction systems contribute sig-
nificantly to the issue of global warming. These energy issues have driven the focus of
automotive industry from the use of conventional internal combustion engine (ICE)
propulsion systems towards the promotion of more environmental friendly electric
vehicles (EVs) [1–3].
The idea of a propulsion device powered by electricity has been around for almost
200 years. Shortcomings of electric vehicles such as finite driving range (limited
battery capacities), high costs and lack of charging facilities have failed to impress
the public to be used as a general purpose traction device [4]. Progress halted by such
limitations is being overcome by the combination of ICE propulsion systems with
electric drive technology that leads to production of hybrid electric vehicles (HEVs).
HEVs yield advantages such as reduced fuel consumption, minimum gas emissions
and regenerative braking making them highly favourable over ICE technology [5].
Electrical machines are the most vital component in traction applications as they
provide the electromechanical energy conversion. Propulsion applications require
drive systems that can operate on high torque, power density while reducing main-
tenance costs and operational losses. Since the beginning of the 20th century, induc-
tion machines (IMs) have remained a popular choice in industrial practices owing to
high ruggedness and reduced cost (absence of commutators and slip rings). Despite
the merits, IMs are still less efficient than another class of AC machines the perma-
nent magnet synchronous machines (PMSMs) [6]. In IMs a part of the rotor flux is
produced by the currents flowing in rotor windings while in PMSMs the rotor flux
is actually the permanent magnet flux generated by the permanent magnets (PMs)
mounted on the rotor structure. Elimination of the rotor cage reduces the rotor
mass thus PMSMs have a lower inertia and faster torque response compared with
IMs of the same size. Additionally, absence of rotor currents eliminate the rotor
2losses leading to more efficient operation. Therefore, PMSMs are a more suitable
candidate for traction applications.
PMs used in PMSMs need to have large coercivity and high flux densities. Mag-
netic materials such as ferrite, NdFeB, AlNiCo are being employed as PMs in the
machines. Particularly, ferrite magnets have become the common choice in PMSMs
owing to their reduced cost [7]. The control of PMSMs can be divided into two types:
sensored and sensor-less control. In sensor-less control, speed can be estimated using
estimation algorithms (back-emf based and signal injection) [8]. These techniques
tend to be computationally tedious and have limitations at low speeds. In sensored
control, PMSMs are provided with an absolute rotor position sensor, e.g., an incre-
mental encoder etc mounted on the rotor shaft. The position sensor increases the
gross cost of the drive system but it compensates the set back by providing accurate
position information at all speeds [2, 3, 9].
The rotor oriented current control is by far the most common control method em-
ployed in traction applications. However, other vector control techniques have also
been used. One such technique based on control in the stator flux oriented refer-
ence frame is called the direct flux vector control (DFVC) [2, 3, 10–14]. The DFVC
allows direct control of stator flux and torque by manipulation of its controlled vari-
ables. The technique is closely related to the direct torque control (DTC) in which
the torque and flux are controlled directly by manipulation of instantaneous space
vectors.
PMSMs can be divided into two categories based on geometrical construction: the
surface mounted permanent magnet synchronous machine (SPMs) and interior per-
manent magnet synchronous machine (IPMs) [3, 15]. In IPMs permanent magnets
are buried inside the rotor structure. The magnets are protected against the cen-
trifugal forces leading to a more robust construction. A high reluctance path is
encountered by flux along the d-axis compared to q-axis, causing the motor to ex-
hibit magnetic saliency [16]. The inductances vary with the position of rotor and
contribute in the producing a part of total torque.
Total torque in an IPMs is a combination of field torque and reluctance torque. The
torque produced by the PM flux is known as the field torque while the reluctance
torque is produced as a result of magnetic saliency [15]. A particular torque in an
IPMs can be generated by theoretically an infinite combination of current vectors
in the dq reference frame. However, there exist a particular set of current vectors
for every torque that minimizes the stator current magnitude. The operation of
the motor on such operating points ensures maximum torque generation, minimum
copper loss in stator windings and high efficiency. This control strategy is known as
maximum torque per ampere (MTPA) control [9, 16–18]. High speed operation of
AC machines requires the weakening of the stator flux [19]. As it was stated earlier,
rotor flux of PMSMs is essentially constant. Though the stator flux can be weakened
by applying a demagnetizing current along the d-axis [20]. Optimal solution now
involves maximizing the output torque while minimizing the stator flux by proper
selection of controlled vectors. This control strategy pursued at high speeds is known
3as maximum torque per volt (MTPV) control [2,3,9,13]. The control solution is not
so trivial in a sense that limitations such as saturation effects, voltage and current
limit constraints complicate the selection of optimal current vectors.
1.2 Objective and Outline of the Thesis
The objective of this thesis is to evaluate the performance of the DFVC in unsatu-
rated and saturated magnetic condition. The performance criteria is set to determine
how well the DFVC operates with the optimal control strategies as magnetic con-
ditions are varied. The robustness of the DFVC against parameter detuning in the
controller is also evaluated. Lastly, the performance of the DFVC is compared with
a conventional current scheme to determine optimality in terms of performance.
This thesis is divided into six sections. Section 2 details the structure of PMSMs
and motor model in the synchronously rotating reference frame. Literature review
on existing MTPA and MTPV control methods is included in section 3. Section 4
consists of literature review on the DFVC technique. Section 5 details the results of
simulations carried out in MATLAB/Simulink environment. The conclusions based
on results are summarized in section 6.
2 Modelling of a Synchronous
Machine
This chapter is focused on discussion of various types of IPMs in literature and its
continuous-time modelling employed for control purposes. Magnetically salient pole
rotors can be classified into two types based upon the construction. Salient pole
machines without PMs in the rotor are called the synchronous reluctance machines
(SyRMs) (Fig.2.1(a)) while machines having PMs buried inside the rotor structure
are called the interior permanent magnet synchronous machines (IPMs). The salient
pole PM rotors can be further classified into machines where either the PMs are
placed within the openings on the rotor surface (inset IPMs) (Figure 2.1(b)), buried
inside the rotor (buried IPMs) (Figure 2.1(c)) or placed within the hollow flux
barriers forming a union of SyRMs and IPMs called the permanent magnet assisted
synchronous reluctance machines (PMASyRMs) (Figure 2.1(d)). In each case, the
placement of magnets increases the effective air gap length along the direction of
PM flux. The relative permeability of PMs is approximately equal to that of the
air, µr = 1.05. These magnets appear as free space along the flux path giving rise
to salient characteristics in the machine.
5(a) (b)
(c) (d)
Figure 2.1: Various types of two pole salient machines (a) Synchronous reluctance
machine (b) Inset interior permanent magnet synchronous machine (c) Buried inte-
rior permanent magnet synchronous machine (d) Permanent magnet assisted syn-
chronous reluctance machine.
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Figure 2.2: Conceptual diagram of a two pole three-phase IPM.
2.1 Continuous Time Modelling of IPMs
Figure 2.2 shows the conceptual diagram of a 3-phase IPM with 3-phase concen-
trated winding on the stator and buried PMs in the rotor. The terms αβ represents
stationary coordinates while dq represents the synchronous coordinates. The d-axis
is aligned with the PM flux vector while the q-axis is displaced from the d-axis by
90 electrical degrees. As seen from Figure 2.2, the d-axis is shifted from α-axis by
rotor position angle ϑm. The angle ϑm being a function of speed is given by,
ϑm(t) =
ˆ
ωmdt (2.1)
The dynamic circuit model for IPMs is shown in Figure 2.3. Real valued space vec-
tors will be used for modelling purposes. The voltage equation in rotor coordinates
is given by,
us(t) = Rsis(t) +
dψs(t)
dt
+ ωmJψs(t) (2.2)
where us = [ud, uq]T , is = [id, iq]T , ψs = [ψd, ψq]T are the real valued space vector of
stator voltage, stator current and stator flux. The resistance of the stator winding is
7Figure 2.3: Dynamic space vector model of IPMs in rotor coordinates [21].
Rs and J = [ 0 −11 0 ] is called the rotation matrix. The inclusion of term t represents
that all space vectors are time dependent.
The stator flux equation is defined as,
ψs(t) = Lsis(t) +ψpm (2.3)
where ψpm =
[
ψpm, 0
]T
is the real valued PM flux vector and Ls =
[
Ld 0
0 Lq
]
is the
stator inductance in rotor coordinates.
Using (2.3) and (2.2) the voltage equation in component form can be written as,
ud = Rsid − ωmψq + dψd
dt
(2.4a)
uq = Rsiq + ωmψd +
dψq
dt
(2.4b)
where the d and q components of ψs in component form are given as,
ψd = Ldid + ψpm (2.5a)
ψq = Lqiq (2.5b)
The magnitude of the stator voltage, current and flux vector are given as,
us =
√
u2d + u
2
q (2.6)
is =
√
i2d + i
2
q (2.7)
ψs =
√
ψ2d + ψ
2
q (2.8)
The model described above is valid for both SPMs and SyRMs. By insertion of Ls
= Ld =Lq the described model is transformed to that of a SPM and by setting ψpm
= 0, the model is reduced to that of a SyRM.
8Figure 2.4: Typical saturation characteristics of an inductor [22].
2.2 Magnetic Saturation
Ferromagnetic materials used as core materials in electrical machines have an inher-
ent ability to saturate as the flux passing through the core is increased. Saturation
phenomenon in an inductor can be analogized to a rotating machine with ease. The
flux linkage-current relationship of an inductor is shown in Figure 2.4. The curve
is divided into three regions of operation. Referring to Figure 2.4 in the area of
low excitation, the flux-current relationship is linear and saturation is non-existent.
The inductance of the inductor retain its nominal unsaturated value. The region is
known as the linear or unsaturated region. After a particular value of flux known
as the knee point (ψknee) is reached and saturation in the core begins to take place,
i.e., the flux-current relationship becomes non-linear. In this transition zone with
the increase of current the permeability of inductor drops and the rate of change
of flux decreases. Therefore, saturation effectively decreases the inductance with
increasing current. Lastly, in the end region the flux is almost constant and equal
to its maximum value. This is known as the highly saturated region. As seen in
Figure 2.4 the flux retains its constant value for in this zone [22].
To realize high torque requirements, silicon steel cores are operated in the region of
high saturation [23]. As discussed, the inductances Ld and Lq cannot be assumed as
constant parameters during the entire operation of the machine. Saturation effects
have to be taken into account in the motor model and in the controller to accurately
simulate the real-time machine behaviour. The saturation effects in this study are
taken into using an explicit function. The motivation behind using functions are
: (1) Defined range is virtually unbounded (2) Data storage is not required. More
information is given in section 5.
92.3 Torque Production in IPMs
The torque equation of an IPM is given as,
Te =
3p
2
iTs Jψs (2.9)
where p is the number of pole pair in the machine and T represents the transpose
of the current vector is. The above equation can be simplified by considering (2.3),
(2.5) as
Te(id, iq) =
3p
2
[ψd(id, iq)iq − ψq(id, iq)id] (2.10)
3 MTPA and Field Weakening Control
The total losses in the motor consist of the iron losses, copper losses (in the winding)
and stray losses. The copper losses are the most dominant ones below base speed
ωB while the iron losses grow significantly as the speed is further increased [9]. This
chapter reviews a current minimizing strategy for reducing the copper losses called
the maximum torque per ampere (MTPA) control. The lack of available terminal
voltage above ωB presents a limitation to the MTPA control. Therefore, the control
strategy needs to be modified in order to extend the operating range, thus gaining
access to high speeds while keeping the losses minimum as possible. The control is
termed as field weakening control. The chapter discusses the aforementioned control
strategies while keeping into account following assumptions
• A linear or constant parameter steady state model of synchronous machines
discussed in the section 2 is assumed. Thus, inductance variation due to
saturation and cross-saturation effects is ignored. The stator resistance and
PM flux variations are also assumed to remain constant in the entire operating
range.
• The motor is supplied via an inverter having limited current and voltage rating.
3.1 Motor Limits
Practical drives system are fed through a power electronic converters that impose a
limit on the maximum output voltage and current that the inverter can produce.
3.1.1 Current Limit:
The current limit imax depends on the motor construction. It is decided by factors,
e.g., thermal dissipation, cooling methods and the available output current of the
inverter. Taking current limit into account (2.7) is modified to,√
i2d + i
2
q = is ≤ imax (3.1)
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-id
β
d
q
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Figure 3.1: Current angle.
In the id-iq domain current limit constraint takes the form of a circle having a center
at origin with a radius of imax.
3.1.2 Voltage Limit:
Neglecting the ohmic drop across resistance Rs the voltage limit is represented by
equation, (
id +
ψpm
Ld
)2
L2q
+
(iq)
2
L2d
≤
(
us,max
ωmLdLq
)2
(3.2)
where us,max = udc/
√
3 with udc being the DC link voltage. Within the id-iq plane the
voltage limit takes the form of an ellipse having a center at (ψpm/Ld,0). The ellipse
encloses all the operating points where the terminal voltage does not exceed the
maximum voltage [24]. All id-iq current pairs that exist on or within the intersection
of voltage ellipse and current circle are the allowable points of operation at any speed.
3.2 Maximum Torque Per Ampere Control
The copper losses being a function of stator current increase with the torque. HEV
applications have large torque demands at low speed for purpose of fast acceleration
and deceleration [25]. These requirements point towards the use of control tech-
nique that maximizes the torque while making use of as minimum stator current
as possible. The control strategy is known as maximum torque per ampere control
(MTPA) and is used for minimum loss operation under ωB [9, 16, 26]. Bearing in
mind the assumptions taken and using (2.5) in (2.10), the torque equation is given
as
Te =
3p
2
[ψpmiq + (Ld − Lq)idiq] (3.3)
We infer from the derived equation that the torque of an IPM is a combination of two
components. The torque produced by the product ψpmiq known as field torque while
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Figure 3.2: Current angle versus produced torque.
the torque produced as a result of magnetic saliency (Ld 6= Lq) called reluctance
torque. As shown in Figure 3.1 the current vector is is displaced from d-axis by an
angle β. Resolving the current vector to its orthogonal components we get,
id = is cos β (3.4a)
iq = is sin β (3.4b)
where β is known as the current angle. Substituting (3.4) in (3.3) we obtain,
Te =
3p
2
[
ψpmis sin β + (Ld − Lq)i2s
sin 2β
2
]
(3.5)
The variation of current angle β versus the produced torque components is shown in
Figure 3.2. The simulated machine is an IPM whose ratings are provided in section
5. Taking partial derivative of (3.5) with respect to the current angle and setting
it equal to 0 provides the maximum torque that can be produced by a particular
current angle,
∂Te
∂β
=
3p
2
[
ψpmis cos β + (Ld − Lq)i2s cos 2β
]
= 0 (3.6)
Substitution of (3.4) in (3.6) results in,
(Ld − Lq)i2d + ψpmid + (Ld − Lq)i2q = 0 (3.7)
The equation stated above provides id-iq current references for MTPA control of an
IPM motor. We can see that with the assumed dq axis alignment, the current angle
13
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−id
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Figure 3.3: Circle diagram exhibiting MTPA trajectory, torque curves, voltage el-
lipse and current limit.
needs to be greater than 90 degrees for positive torque production (Figure 3.1). This
points towards the use of negative id current reference. Figure 3.3 shows an id-iq
plane depicting voltage and current limits for a typical IPM motor. The solution of
(3.7) results in current data points that make up the MTPA trajectory. The torque
equation (3.3) is represented as dotted hyperbolas in the plane. The id-iq current
pairs that make up such hyperbolas produce the same torque. Intersection of the
torque and MTPA curve (indicated by red circles in Figure 3.3) within the current
and voltage limit represents the most optimal current references to produce that
particular torque. In other words, operating on these current references ensures
minimum stator current usage while producing a particular torque. It should be
noted that if voltage considerations are not taken into account, the MTPA operation
is limited only by current limit imax. The intersection of the torque and the MTPA
curve at the imax limit produces maximum torque Tmax of a given motor.
3.3 Field Weakening Control
In addition to high torque requirements at low speeds, traction applications require
drive systems that provide constant power at high speeds [14]. The drive must be
able to maintain the constant power over a wide speed range [13, 27]. The speed
of the motor increases with the terminal voltage up until the base speed. At base
speed the terminal voltage saturates to its maximum value. The speed of the motor
cannot be increased any further unless a proper control strategy is implemented
to reduce the stator flux. If a demagnetizing magnetomotive force (MMF) gener-
ated by manipulation of stator currents is applied, the apparent MMF generated by
PMs could be reduced and the motor speed will increase. The strategy is known
as field-weakening (FW). Figure 3.5(b) show the typical torque speed characteris-
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Figure 3.4: Circle diagram exhibiting MTPA trajectory, current limit and voltage
limits.
tics of an IPM motor. In the constant torque region, the motor is accelerated by
the maximum torque using the MTPA control up until the base speed (ωm=ωB).
As a result of voltage constraints, ωB is the maximum achievable speed by torque
produced through MTPA control. Beyond ωB, FW control takes over resulting in
a simultaneous decrease in torque and an increase in speed. It should be noted
here that unlike in the MTPA control where the torque is only subjected to the
current limit constraints, both the voltage and current constraints limit the torque
production during the FW region.
It is evident from Figure 3.4 that as the speed of the motor increases, the voltage
ellipse shrinks towards its center at (ψpm/Ld,0). The current references derived from
from the MTPA calculations are incapable of satisfying both the current and voltage
constraints above the base speed. Therefore, new current references are now derived
by simultaneous solution of current limit (3.1) and the voltage limit (3.2),
(L2d − L2q)i2d + (2ψpmLd)id +
(
L2qi
2
s + ψ
2
pm −
u2s,max
ω2m
)
= 0 (3.8)
The equation stated above provides the current references in the voltage and current
limited FW region. PM drives can be classified into two types based on their speed
capabilities. The distinction comes from the comparison of drives characteristic
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current ich and drives maximum current imax [13].
ich =
ψpm
Ld
3.3.1 Finite Speed Drives
The drives having ich > imax are known as finite speed drives. Such drives have an
extensive constant-power speed range which means they are able to achieve very
high speeds using a proper FW control strategy. The operation of a finite speed
drive from zero to maximum speed is shown in Figure 3.5. The motor is accelerated
during speed interval 0-ω1 by torque Te=TN through current references generated by
the MTPA control. This is indicated by trajectory O-A in the torque speed curve
(Figure 3.5(b)). It should be noted that the motor is limited to produce rated torque
at rated current. However the motor is still capable of producing maximum torque,
i.e., at the tangential intersection of imax limit and torque hyperbola indicated by
point X in the diagram.
The speed increases with the voltage and beyond us,max, the FW control takes over.
The stator flux is reduced to increase the speed. Current references (given by (3.8))
are now selected by intersection of the rated torque curve and the voltage limit.
This is indicated by the region A-B in Figure 3.5(b). Current references cannot
be obtained beyond point B by moving on the torque locus because of imax limit.
The maximum torque is now determined by the intersection of both the voltage and
the current limit indicated by trajectory B-D in the diagram. The FW algorithm
decreases the output torque to increase the motor speed beyond ω2. The decrease
results in an increase in power indicated by trajectory B-C in power speed charac-
teristics as shown in the Figure 3.5(c). Point D indicates that the maximum speed
has been reached as the current and voltage limits are tangential to each other. Any
further increase in speed is now impossible without violating either constraints [24].
3.3.2 Infinite Speed Drives
Drives having ich < imax are known as infinite speed drives. Theoretically, such
drives have no upper speed limit and as the name indicates are able to achieve
infinite speeds under lossless conditions. Such drives need to obey the maximum
torque per voltage (MTPV) limit at high speeds.
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Figure 3.5: (a) Trajectory of current vectors using the MTPA and the FW con-
trol in finite speed IPMs (b) Torque vs speed characteristics (c) Power vs speed
characteristics.
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3.4 Maximum Torque Per Volt Control
The MTPV operation occurs at very high speeds for an infinite speed drive system
in the FW region. Keeping the voltage limit in mind, after particular speed has been
reached maximum torque cannot be obtained by exploiting full inverter current [3].
In such a condition, current references are derived based on tangential intersection
between the torque curves and the shrinking voltage ellipses. Simultaneous solution
of (2.5), (2.8) and (3.3) results in,
Te =
3p
2
[
ψd
(
1
Lq
− 1
Ld
)
+
ψpm
Ld
]√
ψ2s − ψ2d (3.9)
Taking partial derivative of (3.9) with respect to ψd and setting it equal to 0 provides
the maximum torque during the MTPV operation,
∂Te
∂ψd
= 0
Simplification leads to,
(ψpm + Ldid)
2 +
Lq
Ld − Lqψpm(ψpm + Ldid)− (Lqiq)
2 = 0 (3.10)
The equation stated above provides the current references in the MTPV region.
The MTPV limit similar to the MTPA limit is a hyperbola in the id-iq plane for an
IPM machine [24]. Upto point C (shown in Figure 3.6) the behaviour of an infinite
speed IPM drive is exactly similar to a finite speed drive. The MTPV limitation is
activated at point C and the optimal current references are now selected by solution
of (3.10) . During the MTPV operation, the input current of the drive is lower than
the rated current while voltage is limited to us,max. The output power of the drive
(shown in Figure 3.6(c)) falls inversely with the speed and is very small at very high
speeds [24]. If the drive is assumed lossless the speed increases constantly until it
reaches infinity, as the stator current contour asymptotes to the point (ψpm/Ld,0)
in the id-iq plane.
Maximizing the torque equation itself is not such as a simple task as it is a con-
strained optimization problem with constraints being imposed by current and volt-
age limits. Non-linearities such as saturation phenomenon further complicate the
optimization process in practical situations. Early research resorted to optimizing
the torque equation by assuming the constant parameter magnetic model [16, 28].
The MTPA and FW solutions were either implemented through the use of look up
tables or by approximated polynomial functions. The inclusion of saturation effects
via recursive algorithms improved the control performances [9, 20, 26, 29, 30]. A dif-
ferent approach to loss minimization deals with varying the operation point online
on torque curves to search for the operation point that results in minimum current
or flux magnitude [31–33]. Such techniques are slow converging, model dependent
and difficult to implement online.
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4 Direct Flux Vector Control
The direct flux vector control (DFVC) is a control strategy suited for applications
that operate in deep FW regions e.g., spindle drives, traction applications [2, 3, 12].
As explained in former section, the FW operation in the dq coordinate system is
achieved by usage of a more negative id current reference with d-axis aligned in the
direction of PM flux. The implementation of the FW in such current control tech-
niques is highly parameter dependent and performance depend on how accurately
the motor parameters are identified. The DFVC allows control of the stator flux
by direct manipulation of the stator flux vector. The approach has virtually no de-
pendence on the magnetic model making the control more robust [10]. This chapter
reviews DFVC strategy incorporating both MTPA and MTPV control in detail.
4.1 DFVC Preliminaries
The DFVC is implemented in flux-torque (fτ) reference frame with the stator flux
vector oriented along the direction of the f -axis. The torque axis (τ) is displaced
from the f -axis by an angle of electrical 90◦ as shown in Figure 4.1 while the f -
axis leads the d-axis by an angle δ called the load angle. The control variables as
described in [10] are either ψs and δ or ψs and torque current iτ (projection of current
vector ifτs along the torque axis). The transformation of voltage, current and flux
vectors from the dq to the fτ reference frame using Park’s transformation is,
us = e
Jδufτs (4.1a)
is = e
Jδifτs (4.1b)
ψs = e
Jδψfτs (4.1c)
where ufτs = [uf , uτ ]T , ifτs = [if , iτ ]T , ψfτs = [ψs, 0]T .
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Figure 4.1: (a) Flux torque (fτ) reference frame; (b) Vector diagram in fτ frame
with state variables (marked in red).
Using (4.1), the voltage equation of the motor in fτ components is given as
uf = ifRs +
dψs
dt
(4.2a)
uτ = iτRs + ψs
(
ωm +
dδ
dt
)
(4.2b)
4.2 State Variable Selection
4.2.1 State Variables (ψs,δ)
It can be seen that the uf voltage loop is completely decoupled from uτ voltage loop
and stator flux ψs can be regulated by the manipulation of uf voltage component
directly. Inspection of τ loop indicates that the load angle δ can be regulated by
means of uτ voltage component but there is dynamic interaction with the uf voltage
loop through the term ψsωm. Using equation (4.1) and (3.3), the torque in fτ
reference frame is given as,
Te =
3p
2
1
Ld
[
ψsψpm cos δ + ψ
2
s
sin 2δ
2
(
Ld − Lq
Lq
)]
(4.3)
The equation (4.3) shows that the stator flux and torque can be manipulated by
coordinated control of state variables ψs and δ. We can see that the torque equation
is highly model dependent and complex in terms of control.
4.2.2 State Variables (ψs,iτ)
The control can be made linear and completely model independent by representing
the torque as a function of ψs and iτ [2, 3, 11–14]. Torque relationship modified by
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using (2.10) and (4.1) in (4.4). The trivial equation suggests the selection of stator
flux amplitude ψs and current component iτ as state variables. This allows stator
flux control by manipulation of ψs while the torque of motor is controlled by current
reference iτ . The flux vector control is employed in direct torque control (DTC)
and control of torque through the current component is typical in dq current control
strategies. Therefore, DFVC can be viewed as union of both the control strategies.
Furthermore, there is no limitation on state variable selection as either one of the
two choices can be selected for control purposes [10].
Te =
3p
2
ψsiτ (4.4)
Further manipulation of (4.2b) by introducing (4.4) leads to voltage equations into
adopted state variables,
dψs
dt
= uf − ifRs (4.5a)
diτ
dt
=
k
Ld
(uf − ifRs) + b
Ld
(uτ − iτRs − ωmψs) (4.5b)
where
k = k(δ) = −1
2
(
1− Ld
Lq
)
sin 2δ (4.6)
b = b(ψs, δ) =
ψpm
ψs
cos(δ)−
(
1− Ld
Lq
)
cos 2δ (4.7)
while the inspection of (4.3) reveals that b is also related to Te by,
b(ψs, δ) =
Ld
ψ2s
(
∂Te
∂δ
)
ψs=constant
(4.8)
Referring to the voltage equation in controlled variables (4.5), the ψs-loop is com-
pletely decoupled from the iτ -loop just as in (4.2a). However, iτ -loop is coupled to
ψs-loop through variable k and b. As indicated in (4.6) and (4.7) the variables are
functions of flux angle δ and flux component ψs and impact the system stability to
a great extent.
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4.3 Control Scheme for DFVC.
The control scheme for the DFVC as presented in [12] is shown in Figure 4.2. The
speed regulator is a PI controller that generates the torque reference Te,ref based
on the error between the commanded speed and actual speed. The flux reference
ψs,ref is generated through the MTPA LUT using Te,ref . The flux weakening block
limits the generated flux above ωB (before iτ is calculated). Current reference iτ
is generated using (4.4). Individual control schemes blocks are explained in the
following subsections.
4.3.1 ψs Reference Generation
The optimal flux reference ψs,ref for the generated torque command Te,ref is deter-
mined by the MTPA block containing a 1-D LUT. The LUT is constructed by the
manipulation of motor magnetic characteristics. For optimal control of real ma-
chines, saturation phenomenon cannot be ignored. The inclusion of saturation in
the motor complicates the problem by introducing non-linearity in the motor mag-
netic model. The MTPA considering saturation of the motor is now determined by
the procedure defined in Figure 4.3.
The technique is based on manipulation of experimental data. The motor under
test can be identified by procedure, e.g., presented in [34]. The dq-axes current and
flux matrices obtained from experimental data are utilized to construct a 3-D torque
and current amplitude surface using (2.10) and (2.7). The contours produced by
the torque surface are the actual torque hyperbolas on which stator current needs to
minimized. The contours produced by the current amplitude surface take the form
of a circle, i.e., current limits in the id-iq plane. Data points in the form of id and
iq that make up the contours of current limits are identified for current levels from
0-imax. Data points for a specific current level are then 2-D interpolated over the
torque surface. Hence, we obtain a torque matrix for every interpolated id-iq current
pair in which stator current remains constant while torque varies. The maximum
torque is determined from the torque matrix and the current pairs that produce
it. These current pairs are the desired MTPA points of operation for the obtained
maximum torque. The procedure is repeated for the entire range of current level to
obtain the MTPA points for torque range 0-Tmax. These data points are then 2-D
interpolated over ψd and ψq maps to obtain the MTPA points of operation in the
form of ψd and ψq. The optimal stator flux reference is then generated by utilizing
the ψd and ψq data points through equation (2.8). Implementation of the MTPA is
accomplished by using a 1-D LUT with torque as independent quantity and stator
flux as the dependent quantity. It should be noted here that the explained procedure
takes into account both the saturation and cross saturation effects in the machine
since it is based on exploiting actual experimental motor data. The accuracy of this
approach depends on how accurately the motor is identified. Figure 4.4 compares
the MTPA trajectory in unsaturated and saturated conditions for an IPM motor.
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Identification of motor magnetic model
Construct torque surface using (2.10)
Construct current amplitude surface
Identify the id-iq data points of current contours from
current amplitude surface for current levels 0-imax
Interpolate the data points of a specific current level on torque
surface to generate torque matrix for that specific current level
Locate Tmax in the torque matrix and data points that produce it
Repeat procedure for current levels from 0-imax to gen-
erate MTPA operating points for torque range 0-Tmax
Interpolate id-iq MTPA operating points on flux surfaces ψd
and ψq to obtain MTPA operating points in terms of ψd and ψq
Construct the MTPA flux reference matrix by using (2.8)
Implement the optimal flux reference matrix against torque in the form of 1-D LUT
Figure 4.3: Flow diagram of optimal flux reference calculation process.
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Figure 4.4: Comparison of the MTPA in unsaturated and saturated conditions.
4.3.2 Flux Weakening
Direct control of the stator flux vector allows simplified flux weakening control al-
gorithms to be used in the scheme. The flux weakening is achieved by,
ψs,max ≤ αus,max|ωm| (4.9)
where us,max = udc/
√
3 is dependent on the DC link voltage and α is a term equal
or nearly equal to unity. It defines the available voltage margin within the flux and
current regulator [2]. In case of low power motors the resistive drops within the
stator winding needs to be taken into account and (4.9) is modified to,
ψs,max =
us,max − iτRs
|ωm| (4.10)
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Figure 4.5: ψs and iτ PI regulators.
4.3.3 iτ Reference Generation
As shown in Figure 4.2, the current reference is generated using saturated reference
flux by equation (4.4). Saturation of iτ,ref is needed to keep the current vector inside
the imax limit. The limit on iτ,ref is given by,
iτ,ref =
√
i2max − i2f (4.11)
4.4 Vector Control
The vector control block consist of two PI regulators for ψs and iτ that provide
voltage reference in fτ coordinates [11].
4.4.1 ψs Regulator
Referring to (4.5a), the stator flux is directly controlled by uf voltage component
with zero interference from the iτ loop. The flux loop response is very fast, apart
from the limitation due to PWM time discretization. The flux bandwidth is limited
only by the dynamics of the the flux estimator [2]. The regulator is tuned according
to the simple internal model control (SIMC) approach [35]. An advantage of this
approach is that only a single parameter needs to be tuned. The gains for the flux
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regulator are given as,
kp,f =
1 + Ts/3
Tc,f + Ts
(4.12)
ki,f =
1 + Ts/3
4(Tc,f + Ts)
(4.13)
where the parameter Ts = 1/fs is the sampling period and fs is the sampling fre-
quency. The desired response can be obtained by tuning of the factor Tc,f . It should
be noted that the gains of flux regulator are independent of machines magnetic
model and thus independent of saturation effects.
4.4.2 iτ Regulator
The control of iτ variable is obtained with the uτ voltage component with less
ideal properties with respect to ψs. The interaction with the flux loop through the
dynamic k and b variables (dependent on the machine magnetic state) introduces
a non-linearity in the iτ control as given in (4.5b). The non-linearities are most
visible during transient conditions [3] and can be appropriately compensated as
given in [2]. The integrative term of the iτ regulator compensates the coupling of flux
loop through k term. The back emf of motor linked via b term can be appropriately
compensated by feed forward of back emf. The gain of current regulator are tuned
by the same procedure as defined earlier,
kp,τ =
(
b
Ld
)
1 + Ts/3
Tc,τ + Ts
ki,τ =
(
b
Ld
)
1 + Ts/3
4(Tc,τ + Ts)
The parameter Tc,τ is the closed loop time constant and the sole tuning parameter for
the regulator. Since b is not constant, constant proportional gain will give different
closed loop response at different flux situations [2]. In order to avoid a transient over-
current, initially the regulator gains are calculated using variable b. As the control
moves towards the MTPV region the magnetic parameter b and thus the gains
will approach zero. This will result in loop instability. Therefore for a stable well
damped response in the vicinity of the MTPV region, the gains are calculated using
maximum value of b [11]. The maximum value or the constant bmax is determined
from (4.7) using an unsaturated magnetic model of the machine.
4.5 Flux Observer
To accurately estimate the stator flux ψˆs and angle δˆ, a reduced order closed loop flux
observer proposed in [36] [37] is used (Figure 4.6). The flux estimation performed
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in stator coordinates is based on utilizing the motor magnetic model (2.5) below a
certain frequency called the cross over frequency ωo and by the voltage integration
model above it. Since flux estimation is model dependent below ωo, the outputs are
susceptible to errors due to saturation effects, current ripple and other parameter
uncertainties. Estimation by voltage measurement is highly noisy at speeds near
zero speed. Therefore, the observer is structured in such a way that the estimation
is performed by the magnetic model from zero speed to ωo. The elements of the
gain matrix Go set equal to ωo determine the point of cross over between the two
models [2, 3, 11]
Go =
ωo 0
0 ωo
 (4.14)
At high speeds the flux estimation is performed by voltage measurement which is
more robust to parameter variation. Therefore, the goal is to estimate the flux
which is derived as much as possible from the voltage measurement. The use of
the constant magnetic model below ωo deteriorates the control performance if it is
improperly identified. If ψˆs is under or overestimated the produced torque is higher
or lower than the reference torque. Similarly, in case of error in δˆ, iτ is not perfectly
aligned with τ -axis which would also cause a reduction in the produced torque.
However, even with a poor knowledge of the motor model, the current limit imax is
still respected.
4.6 MTPV Operation
It has been established in previous discussions that b(δ,ψs) affects the stability of
τ -loop. For b<0 the affect of uτ voltage component on torque regulation is reversed,
i.e., the torque being produced could decrease instead of increasing as per com-
manded [11]. Therefore proper limitation of factor b, i.e., b > 0 is required to ensure
τ -loop stability at all situations. Inspection of (4.8) reveals that b = 0 means deriva-
tive of the torque with respect to load angle is zero [11]. Thus, b = 0 trajectory is
the MTPV limit in id-iq plane (Figure 3.6(a)) [10]. The δ control loop is given in
Figure 4.7.
The MTPV operation occurs at a specific value of δ called δmax. The condition
δ > δmax would result in b<0 causing instability. Therefore, identification of δmax is
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of utmost importance. The limitation δmax can be obtained by posing the partial
derivative of torque equation (4.3) with respect to the load angle δ equal to zero as,(
∂Te
∂δ
)
ψs=const
= 0 (4.15)
from which we obtain the following solution
δmax = cos
−1
 ψpmLq
4ψˆs(Lq − Ld)
−
√√√√( ψpmLq
4ψˆs(Lq − Ld)
)2
+
1
2
 (4.16)
The resulting solution provides δmax values for every motor type. The δmax limitation
for IPMs lies within the range 90◦ < δmax < 135◦. For IPMs with high saliency the
value approaches 135◦ which is the theoretical δmax limit for SyRMs. Conversely, for
IPMs exhibiting magnetic characteristics similar to SPMs δmax lies in the vicinity of
90◦ which is the δmax limit for SPMs [3].
The MTPV operation is obtained by limitation of δ below δmax. As mentioned ear-
lier, there is a correspondence between the current component iτ and δ. Limitation
of δ produces a limitation of iτ and vice versa. Operation on the MTPV trajectory
is obtained by limiting the current reference iτ,ref using the observed load angle δˆ as
shown in Figure 4.2. As we can observe from Figure 4.2, the MTPV limitation is
performed by closed loop control of angle δ using a PI controller [3, 12, 13]. If the
observed angle δˆ becomes greater than the set point δmax (δˆ > δmax), the PI con-
troller generates a current component iMTPV. This component is subtracted from
the current limit imax described in (4.11) to further reduce the maximum limit of
iτ,ref . The reduction in magnitude of iτ,ref by current component iMTPV means that
δ is exactly limited to δmax by the regulator and b is also limited to 0 which corre-
sponds to operation along the MTPV curve. It is to be noted that total limitation
on iτ,ref is determined by the sum of both the limitation due the inverter current
limit imax and the current component iMTPV to keep motor operation stable in the
MTPV region. The lower limit of the δ regulator is set to 0 which means that when
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Figure 4.8: Effect of magnetic saturation on δmax.
δˆ < δmax, the regulator is off and iMTPV = 0 (MTPV block is off). For stable design
of the regulator, the upper limit is set to imax to keep the output span as large as
possible to keep δmax control stable even during worst case conditions, e.g., during
transients [12].
The δmax equation (4.16) is highly model dependent because of Ld, Lq and ψpm
terms. Simulations results have shown that the effect of saturation on δmax are
quite negligible and if desired they can be ignored. Figure Figure 4.8 shows the
variation of δmax limit against estimated flux ψˆs for a saturated and unsaturated
case assuming constant rotor temperature. It can be inferred that saturation within
the machine shifts the MTPV trajectory towards the horizontal d-axis. Even for
the motor with moderately salient characteristics, the effect on δmax trajectory is
quite minor and even if saturation is not taken into account in (4.16) a very good
estimation of MTPV limit is possible. If in the case motor is poorly identified, δmax
can be found by a series of no load acceleration test as pointed out in [12]. MTPV
trajectory also varies with PM flux as it is dependent on the operating temperature
of the motor. The increase in rotor temperature demagnetizes the magnets, thus
reducing the flux and shifting the trajectory more towards the d-axis. For precise
control during high speed operation, temperature effects should also be considered
during δmax computation.
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Figure 4.9: Reference generation scheme for LUT based approach [38].
4.7 Current Vector Control
To identify the performance of the DFVC technique it is compared with a conven-
tional current vector control. The technique is reported in [38] and is based on
optimal motor operation by exploiting actual experimental data. Figure 4.9 shows
the block diagram for reference generation of the scheme. The controlled variables
are the components id and iq where the reference generation is based on the ma-
nipulation of flux magnitude ψs as in the case of the DFVC. The techniques makes
use of the experimental measurements to construct LUTs for the MTPA and MTPV
control. Since these tables are based on manipulation of actual motor magnetic
maps the effect of saturation and cross saturation are inherently taken into account.
Similar to the DFVC approach the first 1-D LUT calculates the optimal flux refer-
ence to generate the requested torque on MTPA curve by procedure defined in 4.3.1.
The optimal flux reference ψs,opt is then compared with the maximum flux ψs,max at
a given speed to determine the region of operation, i.e., the FW or constant torque
region. The MTPV control is achieved by direct limitation of the torque reference
Te,ref through Tmax by a second 1-D LUT. The procedure for construction of the
MTPV LUT is given in Figure 4.10. The variables ψs,ref and Te,ref are then used
to determine current set points id,ref and iq,ref by two additional 2-D LUTs (f3,f4).
The current references are then limited to respect the imax limit. It should be noted
that current limitation in [38] is taken into account in LUT f2(ψs). However, in
this scenario the current is limited explicitly by a limitation block. The approach is
simpler, requiring less manipulation of data.
32
Identification of motor magnetic model
Construct torque surface using (2.10)
Identify id-iq data points of torque contours from
the torque surface for torque levels of 0-Tmax
Interpolate id-iq data points of a specific torque level on
flux surfaces to generate data points in terms of ψd and ψq
Locate the flux data points that produce
the minimum ψs for a specific torque level
Repeat procedure for torque levels from 0-Tmax to gen-
erate MTPV operating points in the entire torque range
Interpolate ψd-ψq MTPV operating points on current sur-
faces id and iq to obtain operating points in terms of id-iq
Construct the MTPV flux reference matrix by using (2.8)
Implement the optimal flux reference matrix against torque in the form of 1-D LUT
Figure 4.10: Flow diagram of maximum torque calculation process in the MTPV
region.
5 Results
The results of this thesis are divided into five cases. In case 1, the DFVC scheme
is simulated considering a linear magnetic model of the motor. In case 2, the ro-
bustness of vector control technique is analysed against parameter variation by a
series of load test. The robustness is further analysed and time-domain behaviour
of the motor is simulated introducing a saturation model in the plant in case 3.
Saturation model is then introduced both in the plant and in the controller. The
results are documented as case 4. In case 5, a benchmark current vector control
scheme is compared with the DFVC in order to determine the optimality in terms
of performance. The simulations are performed in MATLAB/Simulink environment.
Simulations are performed using the data of a 7.5 kW IPM whose ratings are given
in Table 5.1.
Case 1: Linear magnetic model in the plant and in the controller.
Case 2: Robustness analysis of DFVC scheme against parameter variation.
Case 3: Robustness analysis by implementing saturation model in plant with linear
magnetic model in the controller.
Case 4: Consideration of saturation both in plant and in the controller.
Case 5: Comparison of the DFVC and current vector control approach.
Simulation Results
Parameters of the simulated motor are shown in Table 5.2. The plant model is
implemented in continuous-time domain while the DFVC and flux observer are im-
plemented in discrete-time domain. The discretization is attained using the Forward
Euler method. The current as well as rotor speed are obtained as the output of the
PMSM block. Synchronous sampling is implemented and all simulations are per-
formed at the sampling frequency of fs = 10 kHz.
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Table 5.1: Ratings of the IPM
Rated power PN 7.5 kW
Rated voltage (L-L rms) UN 246 V
Rated current (rms) IN 17.6 A
Rated torque TN 24 Nm
Rated frequency fN 100 Hz
Rated speed ωN 3000 r/min
Pole pairs p 2
Table 5.2: Parameters of the simulated IPM
Nominal d-axis inductance Ld 3.3 mH
Nominal q-axis inductance Lq 31.2 mH
PM flux ψpm 0.116 Wb
Stator resistance Rs 0.22 Ω
Moment of inertia J 0.005 kgm2
5.1 Case 1
In this case, the response of DFVC scheme is studied in linear magnetic operating
conditions. Saturation and cross saturation in the plant as well as in the controller
is neglected. The simulations are conducted in the speed control mode by applying
a speed step of ωm,ref = 4 p.u. The maximum torque Tmax is limited to 1.5 times the
rated torque, i.e., Tmax = 1.5 TN. Such a selection allows to observe the operating
capabilities of the motor in all regions of operation, i.e., MTPA and FW including
the MTPV. The MTPA operating point is determined from a 16 point LUT based
on speed controller output Te,ref .
In order to observe the performance of the flux observer on DFVC scheme, the
results of this section are divided into two subsections. In the first scenario, vector
control is implemented by assuming actual flux feedback information from the plant
model. The second case is based on estimating the stator flux through the flux
observer. Both the tests are conducted at the same test conditions.
5.1.1 Ideal flux feedback
A speed step is applied at t = 0.2 s and the motor is accelerated by Tmax. The
operating points on the MTPA curve for Tmax request are determined through the
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Figure 5.1: Simulations results of speed step ωm,ref = 4 p.u. for case 1 with actual flux
feedback in time-domain (a) The uppermost subplot shows the actual and reference
speed, the second subplot shows the actual and reference torque, the third subplot
shows the state variables (b) The first subplot shows the current iMTPV, the second
subplot shows the variable b, the third subplot shows the load angle δ.
LUT as depicted in Figure 5.2. The motor is accelerated by Tmax till terminal voltage
of the motor is saturated by the available udc at t = 0.22 s. This indicates the onset
of FW and is followed by the reduction of stator flux through the FW algorithm
as shown in Figure 5.1. The decrease in ψs is accompanied by an increase in the
current iτ so that the torque remains constant. The maximum torque solution is
now found by moving along the constant torque curve as the speed increases from
ωm = 0.4 p.u. to 1.0 p.u. during the time interval t = 0.22-0.24 s. From ωm = 1.0
p.u. to 3.2 p.u., the torque should be reduced because of the current limit otherwise
no optimal solution is found. The increase of ωm in the FW region is accompanied
by an increase in the load angle δ as shown in Figure 5.1. Angle δ approaches its
maximum limit δmax ≈ 113◦ at t = 0.52 s which implies that the reference speed
should now be pursued by operation on the MTPV curve. The MTPV operation is
implemented by generation of current component iMTPV by limitation of angle δ to
δmax within time interval t = 0.52-0.56 s. As pointed out in section 4, the variable
b is accurately limited to zero by the δ loop control during the MTPV operation.
The motor speed reaches its reference at t = 0.56 s.
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Figure 5.2: Simulations results of speed step ωm,ref = 4 p.u. for case 1 with actual
flux feedback in the id-iq domain.
5.1.2 Flux estimation through the flux observer
The control performance of the DFVC scheme largely depends on the accuracy of
the flux observer. The observer cross over frequency that separates two modes of
estimation is set at 40 Hz. The speed step of ωm,ref = 4 p.u. is applied at t = 0.2
s. Errors in discretization lead to underestimation of the flux by the observer. The
produced torque is thus higher than the reference as shown in Figure 5.3. Since δˆ is
also determined by the flux observer, any error in the estimation of flux translates
to errors in δˆ estimation. Errors in δˆ means that the controlled iτ is not perfectly
orthogonal to controlled motor flux ψs. This will also result in inaccuracies in the
produced torque. Because of high torque, the motor is accelerated faster and the
FW is triggered at t = 0.22 s. The current limit is reached at time instant t = 0.24
s and further increase in speed calls for reducing the produced torque as shown in
Figure 5.3. In the FW region, δˆ is overestimated at every time instant compared to
the former case. As a result, the limitation of δˆ by δmax is triggered earlier at time
instant t = 0.38 s compared to t = 0.52 s which was the limitation time instant in
the former case. This can be understood from Figure 5.4 where the actual current is
is limited before the actual MTPV trajectory is reached. Speed reaches its reference
at t = 0.56 s. Inaccuracies in the flux estimation is a result of discretization errors
and due to the inaccurate magnetic model identification in the observer. Since a
linear magnetic model is being used, the parameters Lˆd and Lˆq are exactly identified.
Therefore, the second option should be eliminated. Ultimately, the inaccuracies are
a result of the first option. We can see here that the Forward Euler method chosen
to discretize the continuous-time observer in stator coordinates provides marginally
good results.
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Figure 5.3: Simulations results of speed step ωm,ref = 4 p.u. for case 1 with flux
observer in time-domain (a) The uppermost subplot shows the actual and reference
speed, the second subplot shows the actual and reference torque, the third subplot
shows the state variables (b) The first subplot shows the current iMTPV, the second
subplot shows the variable b, the third subplot shows the load angle δ.
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Figure 5.4: Simulations results of speed step ωm,ref = 4 p.u. for case 1 with flux
observer in the id-iq domain.
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Table 5.3: Models describing the variation of parameter under test
Model Variation in %
Model 1 Rated
Model 2 -50% of Rated
Model 3 +50% of Rated
Even though the produced torque is slightly higher than the reference, the current
is is accurate to what it should be as dictated by the MTPA control. Additionally,
the inverter current limit is respected in all modes of operation.
5.2 Case 2
The robustness of the DFVC scheme is analysed by introducing erroneous param-
eters in the controller. Robustness is tested from a series of load tests conducted
at low speed. Tests are performed in the torque control mode ín which the motor
is operated at a specific speed as the load is varied. Robustness of the controller
against variation in Lˆd, Lˆq and ψˆpm is studied individually. It is to be noted that
the parameters in the plant are equal to their rated values. Simulations have shown
that the control is quite insensitive to variation in resistance Rs therefore the results
are not documented. The linear magnetic model of the machine is used both in the
plant and the controller. A specific motor parameter under study is varied according
to Table 5.3. Model 1 describes that the estimated parameter in the controller is
equal to its rated value. Therefore, it is the best case condition as the estimated
parameters are identified exactly as in the plant. Model 2 deals with the condition
when the parameter under test is less than 50% of its rated value while all the other
parameters are equal to the rated. Similarly, model 3 deals with overestimation of
parameter and is self explanatory. Variation of parameters is also considered in the
flux observer. As discussed earlier, the flux observer is based on estimating flux us-
ing the current-flux model below the cross over frequency ωo while the voltage model
above it. The current model is more susceptible to deterioration in performance if
the magnetic model is imprecise than the voltage model. Therefore, the tests are
conducted at speeds below ωo to include observer effects. The motor is operated at
a speed of ωm = 0.15 p.u. corresponding to the motor frequency of 16 Hz which is
well below the observer cross over frequency of 40 Hz. Load of the motor is ramped
up from 0-1.5TN. Motor parameters are then varied individually according to Table
5.3.
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Table 5.4: Variation in Lˆd: Conditions required to produce Te = 1.5TN
Te is ψs Remarks
Model 1 1.5TN 1.4iN 2.07ψN Optimal
Model 2 1.5TN ≈ 1.4iN ≈ 2.07ψN ψˆs < ψs
Model 3 1.5TN ≈ 1.4iN ≈ 2.07ψN ψˆs > ψs
5.2.1 Variation in Lˆd
The effects of variation in Lˆd is reported in Table 5.4 that state the current and flux
requirements to produce maximum load torque in every model. The torque factor
kt (Nm/A) represents the most optimal torque to current ratio that the motor
can produce under the voltage limit. Optimal kt is determined by experimental
data shown in Figure 5.5 along with torque factors resulting from other cases. If a
particular kt trajectory lies below the optimal, more stator current will be required
to produce a certain torque and vice versa. The trajectory of stator current vectors
in the id-iq domain is also shown in Figure 5.5.
For the ideal case, i.e., model 1 is follows the MTPA curve exactly while the torque
factor reproduces the optimal trajectory. The load torque under consideration, i.e.,
Te=1.5TN is produced by the stator current and flux as shown in Table 5.4. The
results of this case have already been studied in former sections. Model 2 deals with
the behaviour of the control system if Lˆd is underestimated. The imprecise magnetic
model in the flux observer results in ψˆs being under estimated. The actual flux in
the machine is higher than the one estimated by the observer. Referring to Table
5.4 even if the actual stator flux is higher in the plant, it is approximately equal to
what it was in the case of model 1. Thus, the stator current required to produce
the load torque is also the same. The control response is similar for model 3 where
Lˆd is overestimated. The main difference being that ψˆs is now overestimated by the
observer. The stator flux and current are approximately the same as in the case of
model 1 for all loads. From Figure 5.5, we can see that for all models the trajectory
of the stator current nearly follow the MTPA curve during entire loading operation.
Furthermore, the trajectory of torque factors is equal to optimal for all cases. We
can infer that the deviation in Lˆd has a negligible effect on control performance
under ωo.
5.2.2 Variation in Lˆq
The effects of variation in Lˆq are similar to variation in Lˆd but more prominent. The
trajectory of the stator current vector and torque factor kt is reported in Figure 5.6.
In model 2, the estimated stator flux is underestimated. The actual flux required
to produce concerned torque is lower than in model 1 as shown in Table 5.5. The
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Table 5.5: Variation in Lˆq: Condition required to produce Te = 1.5TN
Te is ψs Remarks
Model 1 1.5TN 1.4iN 2.07ψN Optimal
Model 2 1.5TN 1.42iN 1.75ψN ψˆs < ψs
Model 3 1.5TN 1.41iN 2.17ψN ψˆs > ψs
Table 5.6: Variation in ψˆpm: Condition required to produce Te = 1.5TN
Te is ψs Remarks
Model 1 1.5TN 1.4iN 2.07ψN Optimal
Model 2 1.5TN ≈ 1.4iN 1.98ψN ψˆs > ψs
Model 3 1.5TN ≈ 1.4iN 2.1ψN ψˆs < ψs
reduced stator flux is compensated by a higher stator current thus the losses are
increased. The effect becomes more evident at high loads as the stator current
trajectory diverges from the MTPA trajectory. The fact is further confirmed as the kt
trajectory follows the optimal trajectory for a limited load region and diverges from
it as the loading is increased as shown in Figure 5.6. In model 3, ψˆs is over estimated
for the entire loading region. In order to produce the same torque, a higher stator
current and flux is required in comparison with case 1. It is evident that Lˆq term
has a considerable effect on control performance below ωo of the observer. Observer
error in case of variation in Lˆq is substantial in comparison with the variation in
Lˆd. Higher stator current is required regardless if Lˆq is under or overestimated. The
effect becomes prominent particularly as the load is increased.
5.2.3 Variation in ψˆpm
Trajectory of the stator current vector and torque factor kt is shown in Figure 5.7. In
case of model 2, ψˆs is initially underestimated for low loads. However, as the loading
is increased it is overestimated. The trajectory of kt follows the optimal trajectory.
Hence the stator current required to produce particular torque is approximately the
same as in model 1. However, the flux required to produce the load torque is less
than the model 1 as it can be seen in Table 5.6. In case of model 3, ψˆs is initially
overestimated for low loads but then it is underestimated as the loading is increased.
The behaviour is exactly reverse of model 2. To produce the maximum torque, the
current requirement is the same as in model 1 but at a higher flux than the optimal
as shown in Table 5.6. This fact is also confirmed through the trajectory of torque
factor kt in Figure 5.7 that lies on the optimal trajectory for high loads.
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Figure 5.5: Results for variation in Lˆd. The subplot on left shows the trajectory of
stator current in id-iq domain and subplot on right shows the torque factor against
stator current.
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Figure 5.6: Results for variation in Lˆq. The subplot on left shows the trajectory of
stator current in id-iq domain and subplot on right shows the torque factor against
stator current.
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Figure 5.7: Results for variation in ψˆpm. The subplot on left shows the trajectory of
stator current in id-iq domain and subplot on right shows the torque factor against
stator current.
42
Table 5.7: Fitted parameters for IPM
Ldu Lqu add adq aqq S T U V iF
0.0033 0.0312 0 0 2081.6 0 5 0 0 35.36
It can be inferred from the results that variation of ψˆpm has a noticeable impact on
flux estimation below ωo however the stator current requirement for cases 2 and 3 is
approximately the same for all loads. We can infer that the DFVC control is most
susceptible to variation in Lˆq and ψˆpm as a result of errors in flux estimation and
in reference generation. Control is least susceptible to variation in Lˆd particularly
because of its minor contribution to the stator flux generation.
5.3 Saturation
In order to achieve high torque requirements and better control performance, sat-
uration of flux ψd and ψq must be considered in both the plant and the controller.
In this study, saturation is modelled by considering currents id,iq as a function of
fluxes ψd and ψq. The actual currents id and iq are determined at every sampling
instant using explicit functions proposed in [21]. The model is modified to take into
account the effect of PM flux in IPMs,
id(ψd, ψq) = ψd
[
1
Ldu
+ add|ψd|S + adq
V + 2
|ψd|U |ψq|V+2
]
− iF (5.1a)
iq(ψd, ψq) = ψq
[
1
Lqu
+ aqq|ψq|T + adq
U + 2
|ψd|U+2|ψq|V
]
(5.1b)
where Ldu and Lqu are the unsaturated inductances and add, adq, aqq, S, T , U , V ,
iF are non-negative constants. The estimated flux ψˆd and ψˆq were calculated from
the experimental data in rotor coordinates using the functions,
ψˆd =
uq −Rsiq
ωm
(5.2a)
ψˆq = −ud −Rsid
ωm
(5.2b)
Experimental data can be gathered by, e.g., the procedure defined in [34]. Cal-
culated experimental data is then fitted to explicit functions to obtain the fitting
parameters. Fitted parameters for the motor under test are reported in Table 5.7
while the experimental data and the fitted curve are shown in Figure 5.8. It can be
seen that curves from the model fit the experimental data quite well. Experimental
data shows that the motor suffers from minor cross saturation at high currents.
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Figure 5.8: Results from curve fitting and experimental data (a) id as a function of
ψd for ψq = 0 p.u.; (b) iq as a function of ψq for ψd = 0 p.u.. The fluxes at rated
operating point are : ψd = 0.09 p.u.,ψq = 0.92 p.u.
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Figure 5.9: Simulations results of speed step ωm,ref = 4 p.u. for case 3 in time-domain
(a) The uppermost subplot shows the actual and reference speed, the second subplot
shows the actual and reference torque, the third subplot shows the state variables
(b) The first subplot shows the current iMTPV, the second subplot shows the variable
b, the third subplot shows the load angle δ.
5.4 Case 3
In this case, the performance and robustness of the DFVC scheme is examined by
taking into account saturation in the plant but not in the controller. Figure 5.9
shows the response of the motor to a speed step input of ωm,ref = 4 p.u. given at t =
0.2 s. Inconsideration of saturation in MTPA LUT results in inaccurate references
to the controller. As a result, the torque is lower than its reference. Furthermore,
the variations of inductances in the plant result in a peak in stator current that
violates imax limit as shown in Figure 5.10. Within the constant torque region the
operating points are far from the one determined by the saturated MTPA curve. At
time instant t = 0.23 s, the voltage limit saturates and the FW is activated as flux
begins to decrease. The rise in produced torque during t = 0.24-0.26 s (Figure 5.9) is
because the operating points are selected on increasing torque curves as the reference
flux is reduced. The current limit is approached at a speed of ωm = 1.05 p.u. during
time instant t = 0.26 s, indicating operating points should now be selected on imax
circle as shown in Figure 5.10. Beyond instant t = 0.26 s, the behaviour of drive
is similar to case 1 with estimation being performed by the flux observer. Angle δˆ
is overestimated, thus limitation by δmax triggers the MTPV operation before the
actual limit is reached. The MTPV operation is depicted by generation of current
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Figure 5.10: Simulations results of speed step ωm,ref = 4 p.u. for case 3 in the id-iq
domain.
iMTPV during time instant t = 0.4-0.58 s. As it can be seen, the control behaviour is
unsatisfactory in the constant torque mode which points to the fact that saturation
effects should be taken into account in the controller for accurate torque production.
Despite such poor performance, the DFVC follows the MTPV limits well in the FW
region.
5.5 Case 4
Saturation is now implemented both in the plant and in the controller. Since esti-
mation of flux is highly dependent on the motor magnetic model below ωo, therefore
saturated values of Ld and Lq must be used in the observer as well. Saturation in
the controller is taken into account using 2-D LUTs. The MTPA LUT is determined
by the procedure defined in section 4. Speed step of ωm,ref = 4 p.u. is applied at t =
0.2 s as shown in Figure 5.11. Since the MTPA LUT is built through manipulation
of actual motor experimental data, saturation and cross saturation within the plant
are inherently taken into account. The resulting references ψs and iτ accurately
produce the maximum torque as shown in Figure 5.11. In the constant torque re-
gion, the motor is accelerated within the interval ωm = 0-0.7 p.u. by the operating
points lying on saturated MTPA curve. The stator current required to produce
the requested torque during saturation is approximately 1.4 times the unsaturated
case. The FW is triggered at t = 0.23 s and operating points are selected along the
maximum torque curve. Ideally, the torque should remain constant but errors in
flux estimation increases the produced torque. The current limit is approached at t
= 0.24 s and operating points are selected on the imax circle as speed increases to
ωm = 2.8 p.u..
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Figure 5.12: Simulations results of speed step ωm,ref = 4 p.u. for case 4 in the id-iq
domain.
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The machine enters the MTPV region beyond time interval t = 0.4 s as δˆ grows larger
than δmax. Similar to previous cases, error in discretization causes the control system
to trigger iMTPV current even before the actual limit is reached. The motor speed
achieves its reference at t = 0.57 s. As defined in section 4, saturation phenomenon
has negligible impact on the MTPV trajectory.
5.6 Case 5
To determine the optimality in terms of performance, the DFVC is compared with
a current control approach implemented in the rotor reference frame. The technique
is defined in section 4. Results of simulation for a speed step of ωm,ref = 5 p.u.
are shown in Figure 5.13. A larger speed step results in the drive operating on the
MTPV trajectory for an extended period of time. This helps in better comparison
between the two techniques in the high speed region. In order to produce the
requested torque, MTPA LUT generates the flux reference within time interval t =
0.2-0.23 s during which the speed rises to 0.8 p.u.. The flux weakening is activated
beyond t = 0.23 s. The torque should remain constant for t = 0.23-0.25 s as the
drive operates on the constant torque curve of Te = 1.5TN. Current limit is reached
at t = 0.25 s. The drive operates on the current limit for t = 0.25-0.53 s as speed is
further increased from ωm = 1.4-3.7 p.u.. As a result of explicit current limitation,
the torque response is not smooth in this region and the actual flux is lower than
the reference. Beyond t = 0.53 s, the high speed operation is dictated by operation
on the MTPV trajectory. The reference torque is limited to Tmax by the second 1-D
LUT as shown in Figure 4.9. The speed reaches its reference at t = 0.77 s. The
response of current vector control for the speed step in id-iq domain is shown in
Figure 5.14.
Figure 5.15 shows the response of the drive using the two control strategies when
subjected to speed input of ωm,ref = 5 p.u.. The figures depict the transition of the
stator current and flux as the operating points move from the MTPA to the MTPV
curve. The DFVC response is recorded by utilizing the flux information from the
observer indicated by blue line and by assuming ideal flux information from the
plant indicated by the red line. The operating condition of the drive on the MTPA
curve is indicated by a red dot in Figure 5.15. Since the current vector control is
the benchmarked technique so the limits for the region of operation are drawn by
its results. In the constant torque region the DFVC has a higher torque factor for a
given current than the current control approach. Within the current limited region,
the results for both cases of the DFVC are identical. From Figure 5.15 we can see
that the current limit for the benchmark technique is met at a delayed interval. The
response to the DFVC scheme with ideal flux feedback and the LUT based approach
in the MTPV region are the same. Since the MTPV limit is triggered earlier in the
case of DFVC (with the flux observer), the torque per flux is reduced.
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Figure 5.14: Simulations results of speed step ωm,ref = 5 p.u. for current vector
control scheme in the id-iq domain.
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It can be inferred from the results that if the flux information is accurate, the
DFVC scheme produces the most optimal results in all regions of operation. The
benchmark technique nearly follows the DFVC in the MTPV region. In general
terms, the benchmark technique is simple to implement than the DFVC. Firstly, a
flux observer is not required and secondly only the controlled variables are needed
to be tuned. Comparing with the DFVC in addition to the controlled variables, the
tuning of δ-loop is required thus making the control more complicated.
6 Conclusions
In this thesis, the torque maximizing and field weakening control techniques for
synchronous machines with magnetically anisotropic structure such as SyRMs and
IPMs were studied. MTPA is a control strategy used for efficient motor operation.
It is based on obtaining maximum torque with minimal stator current magnitude
thus suppressing the copper losses to as low as possible. The FW technique allows
the motor to reach higher speeds at a limited supply voltage. Similar to the MTPA
the goal in the FW region is to maximize the torque but minimizing the stator
flux instead of the stator current. The technique is known as the MTPV control.
The drive must operate with these control techniques for the most optimal response
whether in terms of minimum loss operation or high speed operation. Physical
limitations and non-linear behaviour of the motor which must be taken into account
in the control solution.
In this thesis, the optimal control strategies are implemented using the DFVC tech-
nique. The DFVC technique is suited for applications designed to operate in FW
region. It allows direct control of stator flux by manipulation of the stator flux vector
as a controlled variable. The main goal of the thesis is to evaluate the performance of
the DFVC in unsaturated and saturated magnetic conditions. The performance cri-
teria is based on how well the DFVC operate with the optimum control techniques.
The results of the thesis are divided into five cases. In the first case, simulations
are carried out in the speed control mode to simulate the response to the use of a
linear magnetic model in the observer and the plant. It was found that the control
performance is highly dependent on the accuracy of the estimation performed by
the observer. Errors in discretization from continuous-time to discrete-time domain
reduces the performance. To determine the robustness of the control scheme a series
of load tests were conducted by introducing erroneous parameters in the controller
below the cross over frequency of the observer. This was studied as case two. It
is found that the DFVC control is highly sensitive to variation in Lˆq and moder-
ately sensitive to ψˆpm and nearly insensitive to variation in Lˆd below the crossover
frequency. Imprecise model identification results in errors in reference generation
and under or overestimation of the flux. Both of these factors increase the stator
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current requirement to produce a requested torque compared to one determined by
the MTPA control. Case three introduced a saturation model in the plant to accu-
rately simulate the actual motor behaviour. It was found that even though reference
torque could not be generated in the constant torque region the motor operates close
to optimal in the FW region. Case four introduced the saturation in both the con-
troller and the plant. As a result, optimal results were produced in all regions of
operation. In case five, a conventional current vector control scheme was compared
with the DFVC. The results yield that the DFVC is the most optimal technique if
the flux information is accurate. The current control scheme is as optimal as the
DFVC in the MTPV region. The current control technique is trivial in a sense of
implementation but requires accurate identification of the motor.
A drawback of the DFVC is the requirement of high switching frequencies for opera-
tion as a result of discretization from continuous-time domain. Moreover, the tuning
principles for the control are not explicitly defined in the literature. Therefore, a
suitable topic for future research would be to derive an exact discrete-time model of
the DFVC control scheme. Such a scheme would allow operation at lower switching
frequencies. Furthermore, the behaviour of the control scheme could be analysed
more precisely.
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